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A B S T R A C T
Recently, oxynitrides materials such as β-TaON has been using as a photoanode material in the field of photo-
catalysis and is found to be promising due to its suitable band gap and charge carrier mobility. Computational
study of the crystalline β-TaON in the form of primitive unit cell, supercell and its N, Ta, and O terminated
surfaces are carried out with the help of periodic density functional theory (DFT). Optical and electronic
properties of all these different species are simulated, which predict TaON as the best candidate for photo-
catalytic water splitting contrast to their Ta2O5 and Ta3N5 counterparts. The calculated bandgap, valence band,
and conduction band edge positions predict that β-TaON should be an efficient photoanodic material. The va-
lence band is made up of N 2p orbitals with a minor contribution from O 2p, while the conduction band is made
up of Ta 5d. Turning to thin films, the valence band maximum; VBM (−6.4 eV vs. vacuum) and the conduction
band minimum; CBM (−3.3 eV vs. vacuum) of (010)-O terminated surface are respectively well below and above
the redox potentials of water as required for photocatalysis. Charge carriers have smaller effective masses than in
the (001)-N terminated film (VBM −5.8 and CBM −3.7 eV vs. vacuum). However, due to wide band gap
(3.0 eV) of (010)-O terminated surface, it cannot absorb visible wavelengths. On the other hand, the (001)-N
terminated TaON thin film has a smaller band gap in the visible region (2.1 eV) but the bands are not aligned to
the redox potential of water. Possibly a mixed phase material would produce an efficient photoanode for solar
water splitting, where one phase performs the oxidation and the other reduction.
1. Introduction
Solar fuel (H2) is generated by photocatalytic water splitting when
sunlight irradiates on a suitable semiconducting material [1–3]. Such
catalytic materials should be robust, corrosion resistive and efficient
light harvesters [4]. Since the discovery of photocatalytic water split-
ting by Honda and Fujishima [5], the use of many semiconducting
materials and transition metal oxides in particular have been explored
in the search for photon-energy conversion. Photocatalysts drive the
dissociation of water by coupling this to the photo-excitation of elec-
trons [6,7], and an ideal material must have a narrow band gap cor-
responding to the absorption of visible light and band edge positioned
appropriately, so, that the valence band maximum (VBM) is more ne-
gative than the redox potential for oxidation of water (−5.7 eV vs.
vacuum) and the conduction band minimum (CBM) more positive than
the redox potential for reduction of water (−4.5 eV vs. vacuum). Some
semiconductors have band edges positioned appropriately aligned with
the redox potentials of water but they are either unstable or have large
band gaps. Others have narrow band gaps but one of the band edges
(VBM or CBM) is aligned unsuitably (Scheme 1) [8].
Oxynitrides have recently attracted much attention [9–15] while
transition metal oxide semiconductors are also suitable candidates as
photocatalysts for storable fuels because of their low cost, nontoxicity,
abundance, and high corrosion resistance [16–18]. They have low ef-
ficiencies due to their poor carrier conductivity and generally have
large bandgaps [19]. To reduce the band gap, many methods have been
tried, including defect formation and doping by cations and anion
[20,21]. Incorporation of N is also a promising way as the N 2p states
are energetically shallower than the deeper O 2p orbitals [22]. Gen-
erally, the CBM of a transition metal oxynitride is mainly formed from
the empty metal orbitals while the VBM of oxynitrides are shifted to
more negative energy by N 2p mixed states [23,24]. Thus the band gaps
of oxynitrides can be narrower than those of the corresponding metal
oxides [21,22]. Recently, Cui et al. and Respinis et al. have compre-
hensively investigated the electronic structures and photocatalytic ac-
tivities of tantalum-based compounds such as Ta2O5, TaON, Ta3N5, and
shown that the TaON exhibit visible-light photocatalytic activity since
they have smaller band gaps compared to common oxides [25,26].
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Tantalum oxynitride (TaON) is one promising material as a photo-
anode for solar water splitting but works under external applied bias.
Moreover, it has been reported that suitable energy of valence and
conduction band edges of TaON make it an electrode material for both
water oxidation and reduction, and a narrow band gap of ∼2.4 eV al-
lows absorption of visible light [16,27,28]. However, the photocatalytic
activity of TaON is still limited, due to self-deactivation upon irradia-
tion, conversion of TaON to Ta2O5, high exciton binding energy, and
ultra-fast electron-hole recombination [27,29].
In this work, we employ first principle periodic density functional
theory (DFT) simulations to examine the optical and electronic prop-
erties of β-TaON. TaON exists in three different polymorphs, a hex-
agonal α-TaON phase, monoclinic β-TaON, and a metastable γ-TaON
phase [30,31]. The α-TaON polymorph, with 9-fold metal coordination,
adopts the cotunnite structure [32]. Another TaON polymorph, γ-TaON,
having a monoclinic crystal structure [30,33]. The archetypal oxyni-
tride of tantalum, β-TaON has the baddeleyite structure in which the Ta
coordination number is seven and an ordered O/N anionic sub lattice.
β-TaON is thermodynamically the most stable (up to 800 °C) polymorph
of TaON [34]. We consider bulk β-TaON and its six different slabs such
as (001)-N, (010)-N, (001)-O, (010)-O, (001)-Ta, and (010)-Ta. Among
all these slabs, the (010)-O and (001)-N terminated surfaces were found
to be suitable ultra-thin films for solar water splitting applications. Fi-
nally, we examined water adsorption on these selected films because of
their potential as water splitting photocatalyst.
2. Computational details
First principle DFT calculations were performed using Quantum
Espresso [35] and QuantumWise-ATK [36] and the results are visua-
lized using Virtual NanoLab Version 2017.1 [37]. β-TaON (hereafter
denoted as TaON) has a monoclinic structure in the P 21/C space group
[33]. The primitive unit cell contains 12 atoms and the initial crystal
structure parameters in our calculations are taken from experimental
data (Table S1) [38]. After optimizing the lattice parameters of the unit
cell, a (2× 2×2) supercell was constructed. (010) and (001) slabs for
each O, N, and Ta atoms were built by cleaving appropriately the 2× 2
supercell of TaON. For the slab model calculations of surface energies
and band edge positions, the thickness of the slabs were four primitive
unit cells of TaON (5 Å thick, having 48 atoms), to ensure that the
centre of the slab can be regarded as the bulk phase. Lattice parameters
of all these stoichiometric slabs are given in Table S2 of the Supporting
Information. A vacuum space of about 15 Å was incorporated between
slabs, to eliminate the fictitious interaction between periodically re-
peating slabs. Generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional and
double Zeta Polarized (DZP) basis set is used for the structural and
energy optimization due to its superiority over hybrid pseudopotentials
[39]. Moreover, linear combination of atomic orbitals (LCAO) method
is used for Ta, N, H, and O atoms [40]. A 9×9×9 Monkhorst-Pack k-
grid and energy cutoff of 900 eV is used for the unit cell and supercell of
TaON while a 9×9×1 k-point mesh is used for the slabs. A compli-
cated issue is the choice of appropriate basis and exchange-correlation
function in DFT. Both the local density approximation (LDA) and GGA
generally suffer from a large underestimation of bandgaps, while, meta-
GGA can produce accurate values [41,42]. Hence meta-GGA is used for
the band gap simulations in the Truhlar Blaha exchange functional and
the correlation functional of Perdew-Zunger (LDA) in the form of
TB09LDA [42]. Density of states (DOS), partial density of states (PDOS),
band structure and effective masses of photogenerated electrons and
holes are calculated. The DFT occupied and unoccupied DOS are con-
sidered as the VB and CB edges, respectively; separated by an energy
equal to the known optical band gap [43]. The absorption spectra are
calculated from the dielectric constant and plotted as a function of the
wavelength, using TB09LDA [42].
3. Results and discussion
3.1. Selection of slabs and theoretical method
Geometries of unit cell, supercell, and slabs are optimized prior to
their electronic and optical properties simulation. The crystal structure
of unit cell is compared with the available crystallographic parameters
of TaON (Fig. 1 and Table S1). PBE/GGA reproduces the experimental
data accordingly as can be seen from Table S1 [38]. Moreover, we have
also simulated the per atom cohesive formation energy of Ta, O, and N
Scheme 1. VBM and CBM positions of selected semiconductors at pH 0 with respect to vacuum and normal hydrogen electrode (NHE) levels (in unit of eV): The redox potential of water is
shown in blue solid and doted lines.
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which has validated our computational method (see Table S3). The
cohesive formation energy of Ta, at GGA/PBE using DZP basis set is
10 eV/atom and has nice correlation with the experimental reported
one (8.10 eV/atom) [44]. The simulated cohesive formation energy of
O and N are 3.7 and 3.1 eV/atom while their experimental values are
2.60 and 4.91 eV/atom, respectively [44].
The calculated band edge, band gap and formation energy of these
six different slabs are listed in Table S4, where the (010)-O and (001)-N
terminated surfaces have suitable VB, CB, band gap and formation
energies, to be used for water splitting applications. Some of these slabs
are either unstable or have inappropriately VB and CB positions, as can
be seen from Table S4. So, we restrict our simulations to these two
phases of TaON which are given in Fig. 1. These surfaces are con-
structed without any dipole; means the top and bottom layers were kept
similar. The surface formation energy of these slabs was calculated
using Eq. (1),
= −
A
E 1
2
(E NE )surf slab bulk (1)
where Eslab is the total energy of the slab, Ebulk is the energy per atom of
the bulk, N denotes the number of atoms in the surface slab, and A is the
cross-sectional area of the surface slab unit cell.
3.2. Electronic properties of TaON bulk
Using meta-GGA, the band structures and DOS/PDOS are calculated
from the optimized crystal structures and shown in Fig. 2. The DOS of
TaON bulk in the energy region between −10 and +10 eV is given in
Fig. 3 where the Fermi energy (4.60 eV) is set to zero. The occupied Ta
5d band is lower in energy than to the N 2p and O 2p bands, resulting in
an N 2p valence band and Ta 5d conduction band with a band gap of
2.44 eV.
Considering the PDOS of TaON, the top of valence band (VB) mainly
consists of bonding N 2p states along with some contribution from O 2p
states and a minor contribution from the bonding, Ta 5d states (Fig. 2).
These orbitals of N 2p, O 2p, and Ta 5d states lead to a strong hy-
bridization which respectively occupy the upper and lower part of the
valence band, form the bonding states in this energy region. The middle
of the VB contains Ta 5d hybridized with N and O 2p while the lowest
energy edge of the VB has an increased contribution from O 2p mixed
with N 2p (Fig. 2). The CB of TaON bulk is mainly composed of the anti-
bonding Ta 5d states along with a minor contribution from O and N 2p
states. In this regard, the anti-bonding states in the conduction band of
TaON is almost (totally) constituted by the electronic states of Ta
atoms. Moreover, from the PDOS of TaON, it can be analyzed that there
is no hybridization between the orbitals of these three different atoms
in its conduction band region (Fig. 2a). The lower region of the CB is
equally contributed by the 2p states of O and N which evidences their
strong overlapping in form of hybridization.
To understand the individual fundamental electronic structure of
the occupied and unoccupied states, within the VB and CB of TaON;
they are given in Fig S1. From Fig S1 and Scheme S1, the contribution
of N, O, and Ta both in the VB and CB can be clearly visualized.
Band structures of the primitive unit cell and supercell (bulk) of
TaON are given in Fig S2 and Fig. 3, respectively. TaON has an indirect
band gap (2.42 eV) which changes to direct (2.44 eV), considering the
supercell (2× 2×2) as can be seen from its band structure (Fig. 3).
This band gap changes from the indirect to direct is because of the
geometric change, as the computational settings are effectively dif-
ferent in these two calculations.
The theoretical band gap is also checked from the DOS plot as given
in Fig. 2a. The direct band gap is due to the electronic excitation of an
electron from the Γ→ Γ. More clearly, a direct band gap is character-
ized by having the band edges aligned in the similar k-space so, that an
electron can transit from the valence to the conduction band, with the
emission of a photon, without changing considerably the momentum.
On the other hand, in the indirect band gap, the band edges are not
aligned so, the electron does not transit directly to the conduction band
where both photon and phonon are involved. At the Fermi energy of
4.60 eV, the vacuum phase VBM and CBM values are ca. −6.54 and
−4.10 eV, respectively. Both the VBM and CBM are well below and
above the redox potential of water (Scheme 1). Moreover, our com-
puted band gap (2.44 eV) has nice correlation with that of the experi-
mental (∼2.40 eV) [28,45]. Furthermore, our simulated Fermi energy,
VB and CB has also excellent correlation with the experimental work of
Chun et al. [28], where the Fermi energy level is −4.41 eV, VB
−6.45 eV and CB −4.10 eV (see Table 1). This nice correlation be-
tween the experimental and our theoretical data validate and confirm
the method used.
Fig. 1. Optimized Crystal structure of unit cell (a), supercell (b), N-terminated (c), and O-terminated (d) slab of TaON.
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3.3. Electronic and optical properties N terminated TaON(001) surface
The simulated PDOS of the N terminated TaON(001) surface is
given in Fig. 4, where the VBM and CBM positions are located at−0.61
and +1.50 eV, respectively. The Fermi energy is set to zero which is
5.16 eV. The occupied band (−7.0 to −0.61 eV) which lie below the
Fermi energy level is dominated by the 2p orbitals of N along with an
equal contribution from 5d of Ta and 2p of O atoms (Fig. 4a). While its
CBM is dominated by 5d of Ta with no contribution from either O or N
orbitals. In case of water interacted systems; the VBM is constituted by
N 2p and with an equal hybridized contribution of Ta 5d and O 2p
orbitals. Again, the CBM is made of Ta atom but at a higher potential
(2.46 eV compared to 1.50 eV) and with minor contribution of anti-
bonding orbitals of O and N atoms (Fig. 4b). Hydrogen of water has
slight contribution in the lower energy region of VBM as can be seen
from Fig. 4b. At vacuum phase, the VBM and CBM of N terminated
TaON(001) are situated ca. −5.77 and −3.66 eV, respectively
(Table 1).
Fig. 2. PDOS of TaON bulk (a), Ta (b), N (c), and O PDOS (d); the Fermi Energy is set to zero.
Fig. 3. Band Structure of the 2× 2×2 supercell of TaON; the Fermi Energy is set to zero.
Table 1
Fermi Energy level, VBM, and CBM at vacuum level, Band Gap (in unit of eV), Effective Masses of Photogenerated Electrons and Holes; Estimated from the calculated Band Structure along
the suitable direction.
Species Surface atoms Fermi level me*/m0 (me) mh*/m0 (me) VBM CBM Band gap
TaON Bulk −4.60 0.85 0.82 −6.54 −4.10 2.44
TaON(001) N* −5.16 0.81 3.99 −5.77 −3.66 2.11
TaON(001)@H2O ∼ −5.01 1.49 3.46 −5.64 −2.55 3.09
TaON(010) O −5.78 0.67 1.63 −6.36 −3.34 3.02
TaON(010)@H2O ∼ −4.83 0.72 1.64 −5.42 −2.24 3.18
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The simulated band structure of pristine N terminated TaON(001) is
given in Fig. 5, having band gap of 2.11 eV. Upon adsorption of water
molecule, its band gap elongates to 3.09 eV which is due to the re-
duction nature of H2O. This band gap difference of 0.98 eV is because of
the shifting of CBM towards more positive potential (2.46 eV) as can be
seen from Figs. 4 and 5. The effective mass of photogenerated electrons
and holes is an important parameter which determines the charge re-
combination rate. The quantum efficiency of a photocatalytic reaction
is directly dependent on the relative transfer rate of photogenerated
electrons to holes and whether these recombine or dissociate. When
light irradiates on a photoactive material, it generates coulombically
bound electron–hole pairs. The transfer rate of the photogenerated
electrons and holes can be directly evaluated from their effective
masses, using Eq. (2).
v= k/m∗ (2)
where m* represent the effective mass of charge carrier, k is the wave
vector and v is the transfer rate of photogenerated electrons and holes.
To investigate the photocatalytic activity of TaON, the effective
mass of electrons (me*) and holes (mh*) along the appropriate directions
k-points are calculated by fitting parabolas on a 1meV region for the
bottom of the CBM or the top of the VBM, respectively and using Eq.
(3):
m∗= ħ2 (d2 E/dk2) −1 (3)
where ħ is the reduced Planck constant, E is the energy of an electron at
wave vector k in the same band (VBM or CBM). The estimated effective
masses of electrons and holes for the different systems considered in
this paper are listed in Table 1.
The adsorption of water molecule is non-dissociative where H of
water interacts with the N and O of TaON(001) slab. The adsorption
energy of these non-covalent bondings is about −118 kJmol−1
(Table 2). The water adsorption energies were calculated by subtracting
the energies of the optimized water molecule and adsorbent bare slab
(Eslab) from the optimized water-slab complex (slab@water), using Eq.
(4).
= − +ΔE E (E E )ad slab@water water slab (4)
As we know, these photogenerated electrons and holes thermally relax
to the bottom of the conduction band and the top of the valence band,
respectively so, that is why these regions are considered. The simulated
values of the effective masses of photogenerated electrons and holes for
the N_TaON(001) are 0.81 and 3.99me, respectively. On interaction
with H2O molecule the effective mass of electrons and holes change to
1.49 and 3.46me, respectively.
To further elaborate the interaction of water molecule on the N
terminated TaON(001) surface, UV–vis absorption spectra are simu-
lated which is given in Fig. 6. Pristine N_TaON(001) give rise to λmax of
442 nm which became blue shifted (367 nm) when water is adsorbed. In
summary, N_TaON(001) surface has good interaction ability towards
H2O besides its non-suitable VBM position (−5.77 eV vs vacuum).
However, it can absorb the visible part of solar irradiation as can be
seen from Fig. 6. The water adsorption over N_TaON(001) surface can
also be visualized from its electron localization plot (Fig. 7).
3.4. Electronic and optical properties O terminated TaON(010) surface
The PDOS of O terminated TaON(010) is given in Fig. 8a, where the
VBM and CBM are located at−0.58 and 2.44 eV, respectively (at Fermi
Fig. 4. PDOS of N_TaON(001), (a) and N_TaON(001)@H2O, (b); the Fermi energy is set to zero.
Fig. 5. Comparative band structures of N terminated TaON(001) and TaON(001)@H2O;
Fermi Energy is set to zero.
Table 2
Adsorption Energy of Water with the N and O terminated surfaces of TaON.
Species Surface atoms Adsorption Energy (kJ/mol)
TaON(001)@H2O N −118
TaON(010)@H2O O −148
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energy of 5.78 eV). The PDOS of O_TaON(010) depicts that the VBM is
located at−0.58 eV (−6.36 eV vs vacuum), having major contribution
of N 2p along with minor participation of Ta 5d, and O 2p orbitals
(Fig. 8a).) This behaviour is consistent with its respective bulk. The
electronic states of unoccupied band of O_TaON(010) are calculated in
the range, +2.44 to +10 eV, where the CB edge is constituted by the
anti-bonding orbitals of Ta 5d, along with almost no contribution of N
2p and O 2p orbitals. The whole CB of O_TaON(010) is uniformly made
from the anti-bonding orbitals of Ta 5d and is situated (−3.34 eV vs
vacuum) at well above the redox CBM level of water (Scheme 1). The
bottom section of CB is equally contributed by the hybridized orbitals of
2p of N and O (Fig. 8a). On adsorption of water molecule, the CBM
move towards more positive potential which results a wide band gap
compared to parent slab (Fig. 8b).
The CBM of O_TaON(010) moved from 2.44 to 2.59 eV when water
molecule is adsorbed on its surface, as can be clearly seen from their
comparative band structures (Fig. 9). Analysis of Figs. 8 and 9 led us to
conclude that the band gap of O_TaON(010) increases from 3.02 to
3.18 eV upon adsorption of H2O. Furthermore, to check the photo-
catalytic efficiency of this surface, effective masses of photogenerated
electrons and holes are estimated from its band structure. The effective
masses of electrons and holes of parent O_TaON(010) are 0.67 and
1.63me, respectively which increase when water is adsorbed, as can be
seen from Table 1.
As discussed earlier, O_TaON(010) surface has an ideal VBM and
CBM positions along with small effective masses of election and hole.
However, due to its large band gap (3.01 eV) it cannot easily absorb the
visible part of sun light as can be seen from its UV spectra (Fig. 10). A
blue-shifting in λmax is observed when H2O is presents on the surface of
O_TaON(010). Water molecule has shifted the λmax of O_TaON(010)
Fig. 6. UV–vis absorption spectra of N terminated TaON(001) and TaON(001)@H2O.
Fig. 7. Electron localization function map of (a) N_TaON(001) and (b) N_TaON(001)@
H2O.
Fig. 8. PDOS of O_TaON(010), (a) and O_TaON(010)@H2O, (b); Fermi energy is set to zero.
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from 368 to 332 nm which consequences its good adsorption capability.
Moreover, this shifting in λmax (36 nm) strongly corroborates the pre-
vious characterizations such as effective masses of charge carriers and
VBM and CBM positions.
An adsorption energy of−148 kJ mol−1 is observed between water
molecule and O_TaON(010) surface. This non-dissociative high ad-
sorption is because of H of water and O of slab along with contribution
from the O of water and N of slab. Furthermore, this non-covalent in-
teraction can also be seen from the electron localization function plots,
given in Fig. 11.
4. Conclusion
Periodic density functional theory calculations for bulk and poten-
tial photoelectrode thin films of β-TaON are carried out considering N,
Ta, and O terminations. We investigate their electronic and optical
properties and photocarrier mobility. Firstly, the electronic properties
of bulk β-TaON predict TaON is a better candidate for photocatalytic
water splitting than either Ta2O5 or Ta3N5. The DOS and PDOS
simulation predict that valence band of all these studied systems is
constituted by the 2p orbitals of N with a minor contribution of O 2p,
while anti-bonding orbitals of 5d of Ta are responsible for the con-
duction band. We have simulated the effective masses of the photo-
generated electrons and hole for the mentioned species. The large dif-
ference in the effective masses of electrons and hole are found which is
a direct consequence of high charge dissociation instead of re-
combination. In summary, the oxygen and nitrogen terminated TaON
along (010) and (001), respectively has good stability and sensitivity
towards water molecule. Moreover, O terminated TaON has ideal band
edge positions while N terminated has strong ability towards visible
light absorption, so a mixed phase would result an efficient photoanode
for water splitting. Furthermore, the development of effective dopants
will be very crucial in improving the transport properties of the surface
of TaON to further reduce the masses of photogenerated electrons and
holes for high charge mobility rate.
Fig. 9. Comparative band structure of O terminated TaON(010) and TaON(010)@H2O;
Fermi energy is set to zero.
Fig. 10. UV–vis absorption spectra of O terminated TaON(010) and TaON(010)@H2O.
Fig. 11. Electron localization function map of O_TaON(010) and O_TaON(010)@H2O.
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